• Percent loss of hydraulic conductivity (PLC) is an important measure in plant water relations, but the available methods differ and results have rarely been compared.
INTRODUCTION
Severe drought stress or freeze-thaw events can result in cavitations in conducting xylem elements, as a consequence of which emboli block the water path, reducing the hydraulic conductivity (Tyree and Zimmermann, 2002) . Quantifying this loss of hydraulic conductivity, which is usually expressed as percent loss of conductivity (PLC), is important for many as-* Corresponding author: peter.hietz@boku.ac.at pects of plant water relations. For instance, xylem vulnerability is analyzed by plotting PLC versus xylem water potential (e.g. Cochard, 1992; Hacke and Sperry, 2001) , in situ PLC indicates that plants have suffered stress beyond the cavitation threshold (e.g. Sperry et al., 1994; Mayr et al., 2006) , and a reduction of PLC indicates refilling of emboli (e.g. Cochard et al., 2001; Salleo et al., 1996) . Sperry et al. (1988) (see also Chiu and Ewers, 1993; Vogt, 2001 ) developed the standard method to quantify the loss of hydraulic conductivity by measuring the increase in Ann. For. Sci. 65 (2008) 502 P. Hietz et al. conductivity after removal of enclosed air by repeated high pressure flushing. Alternatively, Sellin (1991) infiltrated wood under a vacuum, assuming that debarked branches up to 30 mm long and up to 17 mm thick were completely resaturated after 6 h. More commonly, vacuum infiltration is applied for 48 h (Domec and Gartner, 2002) . Infiltration has also been achieved by pressurizing submerged samples (Sperry, 1986) , but this appears to be less efficient and does not work in all species. The Cryo-Sem technique (e.g. Cochard et al., 2000a; enables an analysis of the water content in frozen xylem samples. Dye staining was used for a qualitative estimation of embolised regions in stem cross sections (e.g. Mayr and Cochard, 2003; Sperry and Tyree, 1990) . Vulnerability curves can also be measured using acoustic techniques (e.g. Kikuta et al., 2003; Lo Gullo and Salleo, 1991; Rosner et al., 2006) , and recently a centrifuge technique for vulnerability analysis based on hydraulic measurements was tested (Cochard et al., 2005) .
The standard hydraulic techniques require that samples can be restored to full (100%) conductivity. This may be difficult, at least with some plants, and methods to restore full conductivity can differ in their effectiveness. Forcing water into the stem could also fill spaces that would be air-filled even in unstressed twigs at maximal conductivity (Gartner et al., 2004) , for instance the pith, heartwood or inner sapwood with lower water content, resulting in unrealistic maximal conductivity and consequently exaggerated PLC. On the other hand, the maximum conductivity measured can be decreased, for instance by microbial growth or particulate matter (Sperry et al., 1988) . Microbial growth is effectively suppressed by antimicrobial agents, but the blockage of pit membranes by particles often occurs when high pressure is applied to remove emboli, and preventing this is a test of the diligence of the laboratory procedures. Blockage of pores or of entire conducting elements is particularly likely in conifers, where the small dimensions of the tracheids means that the water needs to pass through a large number of pits. The special pit anatomy of conifers can also lead to an irreversible torus aspiration upon dehydration (Hacke et al., 2004; Hansmann et al., 2002; Petty, 1972) . In consequence, restoration of full conductivity by flushing may not be possible and PLC be under-estimated. In addition, the resin present in most conifer wood may spread on the cut surface and clog the opened tracheids, so that measuring PLC in conifers can pose different problems from angiosperms. Problems with clogging are readily detected. If the conductivity decreases after successive applications of high pressure, which should remove emboli and thus increase conductivity, this indicates that vessels or tracheids are blocked by impurities (Sperry, 1986) . Low saturation water content of twigs after flushing (twigs may float on water) also suggests that not all emboli have been removed.
We compared various estimates of PLC in spruce (Picea abies [L.] Karst.), a species where problems such as those above make alternative methods that avoid or reduce the blockage of tracheids desirable. These methods differ in their labor intensity and their potential problems, but have rarely been correlated (Domec and Gartner, 2002; Sellin, 1991) , which makes comparing published results from different methods problematic. Because of the homogeneous anatomy of conifer wood, its conductivity only depends on one wood element (tracheids), as a consequence of which the outcome of different methods should mainly depend on the efficiency in removing emboli and avoiding blockage. We also hypothesize that PLC should be strongly correlated with relative water loss in conifer wood.
MATERIALS AND METHODS
Seventeen spruce trees, about 17 years old, had been grown in 100 l pots for three years. Some were subjected to severe drought in the summer of 2006 to induce loss of hydraulic conductivity. Between June and September first-order branches about 1-1.5 m long were cut, transported to the laboratory in plastic bags and separated into the following sections. A basal section of 7-10 cm was cut at the base and a distal one at a distance of about 50 cm for measurement of relative water loss (RWL). The remaining branch was submerged in water, first re-cut and the 20-25 cm adjacent to the base was cut into two central sections, from which the side-branches were separated also under water. The bark was stripped immediately from the proximal and distal section and fresh weight (FW) was determined. Then these sections were saturated in distilled and degassed water containing 0.005% (v/v) Micropur (Katadyn Produkte AG, Wallisellen, Switzerland) to prevent microbial growth under a partial vacuum (ca. 10 kPa) for at least 96 h. After branches had sunk, saturation weight (SW) and dry weight (DW) after drying at 103
• C for three days were used to calculate relative water loss:
Surface water was removed from the two sections cut under water by blotting with absorptive cellulose tissue, sections were tightly wrapped in laboratory film (Parafilm, SPI Supplies, West Chester, PA, USA) and stored in plastic bags at -18
• C until further preparation. Freeze-storage of Norway spruce sapwood samples for several weeks has no significant impact on specific hydraulic conductivity and vulnerability after thawing Rosner et al., 2006) . To verify this and also to estimate the reproducibility of the method, 25 samples were analyzed for percent loss of conductivity (PLC) by infiltration under vacuum after staying frozen for one month, and compared with samples of the same sections frozen one to three months longer. The two central sections were used to analyze PLC by infiltration and staining, the other section served either as a backup for replications or was used to compare PLC by flushing and by infiltration, so that, apart from the RWL in distal and proximal sections, all measurements were made within ca. 15 cm.
Percent loss of conductivity by flushing (PLCf)
Loss of hydraulic conductivity was quantified by measuring the increase in hydraulic conductivity after removal of xylem embolism by repeated high pressure flushes (Sperry et al., 1988) . Analysis was done with a XYL'EM system (Embolism meter, Bronkhorst, Montigny les Cormeilles, France) which is based on a high resolution flow meter (Cochard et al., 2000b) . Samples, 2 to 6 cm long and 4 to 8 mm in diameter, were prepared as described in Mayr et al. (2002) . The bark was removed and the sample ends were re-cut several times 502p2 Quantifying loss of hydraulic conductivity Ann. For. Sci. 65 (2008) 502 under water. Measurement pressure was set to about 6 kPa and continuously measured and corrected for with the XYL'EM pressure transducer. Flushing (at 120 kPa) and conductivity measurements were done with distilled, filtered (0.22 μm) and degassed water containing 0.005% (v/v) Micropur. Samples were repeatedly flushed for 15-20 min. until measurements showed no further increase in conductivity. Loss of conductivity in percent (PLCf) was calculated from the ratio of initial to maximal conductivity (Sperry et al., 1988) .
Percent loss of conductivity by saturation under partial vacuum (PLCv)
The percent loss of conductivity was measured with a technique where the hydraulic conductivity is related to the conductivity after saturation in water under vacuum (Sellin, 1991) . Branch samples were thawed and debarked under water. Segments of 5 cm length were sawed on a band saw and re-cut under water with microtome blades (Feather A-35, Feather Safety Razor Co. Ltd. Medical Division, Japan) to a length of 3 cm. The adjacent 5 cm branch segment of the same (proximal) internode was used for dye experiments or flushing experiments (see above). Specific hydraulic conductivity (k s ) describes the permeability of a wood segment for water following Darcy's Law and was calculated as:
where Q is the volume flow rate (m 3 s −1 ), l is the length of the segment (m), A s is the sapwood cross-sectional area (m 2 ), and ΔP is the pressure difference between the two ends of the segment (MPa). Calculated conductivity data were corrected to 20
• C to account for changes in fluid viscosity. Conductivity measurements were performed under a hydraulic pressure head of 5.4 kPa with distilled, filtered (0.22 μm), and degassed water containing 0.005% (v/v) Micropur. Samples were weighed after removing superficial water. Afterwards, branch segments were re-cut under water and saturated under vacuum as explained above. Hydraulic conductivity was again measured when the weight of the samples remained constant, which was generally achieved after 96 h. Loss of conductivity (PLCv) was calculated from k s before and after saturation and RWL was calculated as above after drying.
If branches sink in water, their density is > 1 kg L −1 , but this is no guarantee that all emboli have been removed. We therefore estimated the volume of gas remaining after infiltration as v gas = 1 − v w − v cw , where the proportion of water v w = (SW − DW) / volume, the proportion of cell walls v cw = DW / 1.5 / volume, 1.5 being the density of cell walls, which is constant across species (Niemz, 1993) , and volume was calculated from diameter and length of the debarked sample. Because the basal and distal samples were much longer and less regular in shape, gas content was only calculated for the central section used for PLCv measurements. The remaining gas occupied only 0.8 ± 6.2% (mean ± SD, n = 134) of the volume and we thus consider that infiltration under vacuum effectively removed the bulk of emboli. Three samples where v gas was > 11% were rejected from further comparisons as in these cases the infiltration apparently had not removed all gas. The high standard deviation of v gas is most likely the result of inaccuracies in measuring the volume, where a difference of 0.1 mm in diameter corresponds to a volume difference of about 3.5%, and also because twigs are not the perfect cylinders used to calculate their volume. 
Percent loss of conductivity by xylem staining (PSX)
Segments of 5 cm length were sawed on a band saw and re-cut under water with a microtome blade to a length of 3 cm. Samples were taken from the same internode where PLCv was measured. One third of the debarked branch sample was fitted in a silicone tubing and connected under water to a reservoir of 1% solution (w/v) of phloxine B (Sigma Chemical Co., St. Louis, MO, USA), mounted 95 cm above the outflow end of the sample. This was a slightly higher pressure head than used by previously (Mayr and Cochard, 2003) as preliminary experiments on Norway spruce branch samples showed that even a pressure head of 9.5 kPa did not refill embolised tracheids. When dye solution appeared at the outflow end of the samples, which happened after a few to more than 30 min, depending on RWL, the reservoir was disconnected and the dye was washed from the sample surfaces. After about 20 min exposure at room temperature, five slices, about 1 mm thick, were cut from the outflow ends of the branch samples. Cross sections were dried, fixed on paper, and photographed alongside a scale with a Nikon Coolpix 995 digital camera so that the diameter of the cross sections covered about 650 pixels. The part of the pith was removed from the image because it never stained, also in saturated samples, and does not contribute to conductivity. To increase the contrast between stained and unstained xylem, the darkness of the reddish tones was increased and of the yellow/brown tones decreased using the "Replace Color" feature of Photoshop (Photoshop CS 8.0.1, Adobe Systems Inc.). The picture was then converted to grey scales and a threshold was set defining stained and unstained parts, resulting in a picture with only black and white. The stained (black) area of the section was measured with SigmaScan (SigmaScan Pro 5.0.0, SPSS Inc.) and compared with a picture where the area of the entire section minus the pith was measured. Though staining was stronger in some parts and sections than in others (Fig. 3) , distinguishing stained xylem was almost always unequivocal and we estimate that the remaining uncertainty does not cover more than a few % of the area. Relationship between relative water loss (RWL), percent loss of conductivity measured via flushing emboli (PLCf), after infiltration under a vacuum (PLCv) and the percent of stained xylem (PSX) in spruce twigs. Pearson r 2 is given in the graphs, the significance is p < 0.0001 for all correlations. All scales are %.
RESULTS
Relative water loss ranged from 6 to 75% in the proximal sections, from 0 to 62% in the central sections that were frozen, and from 20 to 76% in the distal sections of the branch. RWL in the branch sections were highly correlated (Fig. 1) , but the slope and offset of the regressions differed significantly (p < 0.05, t-test) from 1 and 0, respectively, with RWL on average 5.9 ± 1.1% (SE, n = 69) higher in distal than in proximal parts of the twigs. RWL in the central section was lower than in both distal and proximal sections, but this may be related to the fact that this section was cut under water, blotted dry, debarked and infiltrated after freezing. The proportion of gas remaining after infiltration (0.8 ± 6.2%) was not correlated with PLCv (Pearson r 2 < 0.001, p = 0.94), thus greater water loss had not affected the ability to saturate the samples. In the following analysis, measures of conductivity loss are compared to the RWL in the central section, which was the part used for the conductivity measurements. Measurements of PLCv and RWL did not differ in samples stored in a freezer for different time spans. Pearson correlation r 2 for repeat measurements of PLCv and RWL was 0.79 and 0.76, respectively, regressions slopes and offsets did not differ significantly from 1 and 0, respectively, values of repeat measurements did not differ significantly (paired t-test, p > 0.05), and the average difference in PLCv was only 3.1% (data not shown).
PLCv, PLCf and PSX all ranged between 0 and 100%, with 100% loss of conductivity reached when approximately 60% of the saturation water content had been lost (Fig. 2) . All correlations were highly significant (Pearson correlation, p < 0.001) with r 2 between 0.53 for the correlation between RWL and PSX and 0.81 for the correlation between RWL and PLCv (Tab. I). However, all regressions also differed significantly from an ideal 1:1 relationship with an offset unequal 0, and in most cases the regression slope was also unequal 1.
The staining experiment also permitted us to identify the conductive areas within the branch cross-section. Generally, conductivity loss was more common in the inner annual rings, in early wood within an annual ring, and in compression wood, but the pattern differed substantially between branches (Fig. 3) .
DISCUSSION
Flushing twigs with a pressure > 100 kPa is an effective method to remove emboli, but carries a greater risk of pit Table I . Correlation coefficient (r), offset and slope of linear regressions between different methods (RWL: relative water loss , PLCf: percent loss of conductivity measured via flushing emboli, PLCv: percent loss of conductivity measured via infiltration under a vacuum, and PSX: percent of stained xylem) to quantify loss of hydraulic conductivity. The significance p is the probability for the offset being 0 and the slope of the regression being 1 (t-test). aspiration and of clogging the cut end than infiltration under a partial vacuum. The latter, however, is far slower and it is not guaranteed that all gas is removed even from thin twigs. Twigs with 4-8 mm in diameter often took more than 24 h to sink, and in stem wood with a diameter of 45 mm gas content could not be reduced below 10% (Sorz and Hietz, 2006) . If the twigs analyzed by Sellin (1991) were not fully saturated after 6 h, this can explain the fact that he found hydraulic conductivity to decline to zero at a higher water content (ca. 70%) than in our samples. In our experiments, maximum conductivity and the absence of serious clogging was verified by the fact that conductivity was stable after repeated flushing, and near-complete resaturation after infiltration was verified by density measurements, which showed that practically no gas remained in the debarked twigs. The correlation between PLCf and PLCv appeared good at high water loss, but at high water content PLCf was lower than PLCv. If we assume that initial measurements before flushing or infiltration gave the same results, the difference in PLC probably results from different efficiencies in refilling, with lower PLCf suggesting less complete refilling by flushing. This, however, leads to the difficult question how we define maximum in situ conductivity. If even in an unstressed twig parts of the wood (innermost year rings, compression wood, latewood) are air-filled (Gartner et al., 2004) but can become conductive after infiltration, we may obtain exaggerated PLCv. In species with a sizeable pith cavity, the pith could contribute to conductivity after flushing or infiltration, but this was not a problem in spruce as the pith was never stained, not even in infiltrated twigs. If excessive infiltration is not a problem, this offers an attractive alternative method to flushing, particularly when clogging is a problem. Our experience with spruce is that the key to prevent clogging is to avoid squeezing the twig when cutting, and to make the final cut before conductivity measurements in very clean water and with very sharp blades or knives. This should also remove extruded resin, which can pose an additional problem in many conifers. Irreversibel pit aspiration (see Sect. 1) may be a problem with PLCv and PLCf measurements of samples dehydrated to low water potentials. Since quantifying PSX and RWL does not require conductivity to be restored to pre-stress values, these measures should be unaffected by pit aspiration. The problem of pit aspiration was not topic of our measurements, but warrants further studies.
Relative water content is easily measured and, if samples can be saturated, which can be verified by their density, relative water loss is the measure with the least potential for errors. We found the correlation between RWL and PLC to be about as good as between PLC measured by flushing and infiltration (r 2 = 0.8 to 0.9, Tab. I), which makes RWL an alternative measure where the correlation has been verified and quantified. As expected, this correlation is not 1:1 because conductivity is completely lost well before all water is lost. While xylem vulnerability curves relating PLC to water potential generally have a sigmoidal shape with very little loss of conductivity at high water potential, PLCv and PLCf started to increase more or less linearly at a small water loss. Upon drying, the first 5-10% of water is lost with little effect on PLC, but a further drop in water potential (below -2 to -3 MPa in spruce; Rosner et al., 2006) leads to a stronger increase in PLC than in RWL (Domec and Gartner, 2002; Rosner et al., 2006) , which results in the steep increase in the RWL:PLC relationship found.
The correlation will likely be similar in other conifers, but probably not in hardwoods. According to Hagen-Poiseuille's law (Tyree and Zimmermann, 2002) large vessels contribute substantially more to conductivity than their proportion of the cross-sectional area, thus the RWL:PLC correlation may be quite different, depending on which elements are embolized first. In experiments the large vessels when cut will drain first, but this need not be the case in intact wood in situ, resulting in a potential bias in experiments that is difficult to control. Taking RWL as a proxy for PLC is attractive when many repeated measurements are to be made in homogeneous material (similar diameter, even-aged samples, with comparable percentage of the pith), for instance to study seasonal differences.
Staining provides the additional information which parts are conductive (Fig. 3) and is the only method used in this study that does not require resaturation, at least in young twigs where the entire wood will contribute to maximum conductivity in situ. Though there may be some ambiguities in distinguishing weakly stained from unstained tissue, the potential error associated with this appears to be small. The proportion of tissue stained and the color intensity may depend on the time the solution is allowed to percolate through the branch. We found that the coloration of successive slices of wood was almost identical, thus at least short differences in distances and 502p5 Ann. For. Sci. 65 (2008) 502 P. Hietz et al. (Spicer and Gartner, 1998; Domec and Gartner, 2002; Mayr and Cochard, 2003) , these tissues were perfectly colored in water-saturated twigs, even though the perfusion was stopped shortly after dye appeared on cut surface. The fact that the correlation between PSX and the other measures (PLCv, PLCf and RWL) was not very high (Tab. I) is more likely a result of the measure obtained than of the measurement techniques. Since wood is heterogeneous with earlywood, latewood and compression wood having different hydraulic conductivities (Domec and Gartner, 2002; Mayr and Cochard, 2003) , and being stained in different proportions (Fig. 3) , a given loss of conducting area does not translate to the same loss of conductivity.
Cation concentrations in the xylem can affect hydraulic conductance by swelling and deswelling pectins in the pit membranes (van Ieperen et al., 2000; Zwieniecki et al., 2001 ). This could pose a problem for PLC measurements if the ions held by pectins are exchanged as xylem water is replaced by a different solution, which is likely during flushing and infilatration, and in Laurus nobilis PLC measured with pure water was ca. 30% lower than measurements using 100 mM KCl (Gascó et al., 2006) . The situation, however, is further complicated by the fact that a low concentration of calcium can counteract a much higher concentration of potassium, and the exchange solution should thus ideally have the same composition as the xylem sap (van Ieperen and van Gelder, 2006) . This is difficult to achieve and not (yet) common practice in PLC measurements. Using distilled water could have affected our PLCv and PLCf measurements, though in conifers the effect of cations is smaller than in angiosperms (Zwieniecki et al., 2001) . Results of RWL and PSX are not affected by xylem water composition and these methods could usefully serve as reference methods when investigating ion effects.
Advantages, disadvantages and potential problems of the methods compared are summarized in Table II . For physiological questions the relevant measure in most cases will be the loss of conductivity. Only PLC provides a direct measure of the functionality of the hydraulic system, and whether staining or RWL can serve as proxy variables depends on the questions asked. Results of PLC measurements often come with considerable standard deviations, though we found that two measurements of PLCv on the same internode differed by an average of only 3.1%. In most studies experimenters will try to reduce this error as much as possible by selecting the most reliable method and working as diligently as possible. When assessing xylem functionality, the errors or deviations may result from various sources: The measurement per se, i.e., quantifying hydraulic conductivity or distinguishing between stained and unstained sections; procedures necessary to prepare the samples, i.e., refilling emboli, staining wood, and making cuts that do not affect conductivity; and the variation within and between the samples. If emboli can be removed, which the infiltration under low pressure apparently achieved, RWL can be the measure with the lowest potential for errors.
CONCLUSIONS
Hydraulic methods are the only way to obtain absolute values of conductivity and loss of conductivity, and infiltration under a partial vacuum is a viable and verifiable alternative to flushing. Where correlations with the area of wood stained by perfusion or also relative water loss can be shown, these may serve as proxy variables providing additional information on the distribution of conductive wood or rapid measures, respectively. We caution against using the correlation found in spruce for other species, but would encourage studying other conifers and angiosperms.
